PURPOSE. Autophagy in photoreceptors and the RPE promotes homeostasis and survival. The purpose of this study is to determine the daily pattern of changes in autophagy and factors contributing to its regulation in the outer retina.
A utophagy has an important role in maintaining cellular homeostasis and regulating the response to environmental stressors. 1 Autophagy is described classically as being activated in conditions of nutrient deprivation. 2 Cytoplasmic materials are ingested by double-membrane structures called autophagosomes. The autophagosomes ultimately fuse with lysosomes, where the ingested material is degraded and released as core nutrients, such as amino acids, back into the cytoplasm. 3 Autophagy also occurs within cells at a basal level, and helps maintain cellular homeostasis by removing toxic aggregates and damaged organelles. 4, 5 Dysregulation of autophagy has been implicated in many pathologic conditions, including cancer, infectious diseases and neurodegeneration. 6, 7 In the visual system, autophagy has been shown to have a role in regulating photoreceptor survival in animal models of hereditary retinal degeneration, oxidative stress, and retinal detachment. [8] [9] [10] [11] A daytime peak of autophagy in the rod photoreceptor inner segments was first documented by Reme and Suler, 12 who observed increased formation of autophagosomes three hours after the peak period of disk-shedding (approximately five hours after the onset of the light period). Reme et al. 13 concluded that autophagy in rat photoreceptors is regulated by circadian rhythm, as disc shedding and autophagy could be evoked by light pulses. Autophagy also has been shown to help regulate the response of the RPE to a variety of environmental stressors, such as light activation and oxidative stress. [14] [15] [16] The RPE is a monolayer of cells located immediately adjacent to the photoreceptor layer of the neural retina. Although the retina has its own circulation, these vessels only serve the inner twothirds of the retina. The photoreceptors are located on the outer surface of the retina, and obtain metabolic support from the RPE. 17, 18 In addition, the RPE is critical for the phagocytic clearance of the distal outer segments shed by the photoreceptors into the subretinal space. 19 The ubiquitous presence of autophagic vacuoles in the RPE has been known for many years. 20 Previous studies have examined the expression of autophagy proteins in the RPE, and the changes of autophagy activity with age and disease. 16, 21, 22 The time course of daily fluctuations in the levels of autophagy occurring in the photoreceptors and RPE has not been characterized, and the mechanisms underlying the dynamic regulation of autophagy in these cells remains unknown. Thus, the goals of this study are to characterize the levels of autophagy in the photoreceptors and RPE over a 24-hour period, and to provide insight into the molecular mechanisms regulating these levels. Our results showed that basal autophagy in mouse photoreceptors and RPE follows a bimodal pattern with one light-period peak and one dark-period Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: 1552-5783 peak. We find that in photoreceptors, autophagy is controlled by the shift between dark and light, with translocation of phototransduction proteins acting as one potential regulator. In contrast, autophagy in the RPE is independent of changes in light environment, and appears to occur in response to ingestion of photoreceptor outer segments that are shed in a circadian manner.
METHODS Animals
Four strains of mice were used in the experiments: C57BL/6 and Sag À/À mice (knockout of Arrestin; Jackson Laboratories, Bar Harbor, ME, USA), Gnat1 À/À mice (knockout of the a subunit of rod transducin), 23 and GFP-LC3 mice 24 (Riken Laboratories, Tsukuba, Japan). Mice were bred and housed in the University of Michigan, Kellogg Eye Center animal facility. All animal experiments were conducted in accordance with the Association for Research in Vision and Ophthalmology (ARVO) statement for the Use of Animals in Ophthalmic and Vision Research, and approved by the University Committee on the Use and Care of Animals of the University of Michigan. All mice were genotyped by established methods and only those negative for mutations in the Rd8 gene were used. 25 Except as specified, mice were bred and reared under standard 12-hour light/12-hour dark conditions. At age 2 months, mice were euthanized and the retinas were collected from 3 groups of animals. For mice of all genotypes, Group 1 animals were euthanized every 3 hours over a 24-hour period. For Group 2, at 3 hours after the lights were turned on, animals were moved back to the dark, and euthanized at 1, 4, and 7 hours later. For Group 3, after the regular 12-hour dark period was complete the animals were kept in darkness and retinas were collected every 3 hours. At least 8 animals were used for each time point of each experimental group.
Tissue Collection
Retinal tissue and RPE-choroid complexes were isolated carefully at various time points. Briefly, mice were euthanized, and eyes were enucleated immediately and placed in a dish. The connective tissue, muscle, and optic nerve were removed from the back of the eye, and the cornea and lens were removed to form an eyecup. The retina was dissected off of the RPE, cut from the connection to the optic nerve head, and pulled away from the rest of the eye. The RPE/choroid was scraped carefully from the sclera with a pair of flat-top forceps. For the dark condition, the eyes were enucleated and tissue processed under far-red illumination. Though cross-contamination of the respective layers is a potential concern, we feel that this is reduced because the photoreceptor LC3 is localized primarily to the inner segments. Thus, the presence of any outer segments in the RPE prep would not be expected to affect the LC3 levels measured in the RPE significantly. Likewise, there easily can be some RPE contaminating the retina tissue prep; however, the amount of LC3 contributed by these few cells is dwarfed by the amount of protein coming from the photoreceptors.
RPE-J Cell Culture and Outer Segment Challenge
Rat RPE-J cells were maintained in Dulbecco's modified Eagle's medium, supplemented with 4% fetal bovine serum, and 1 mM nonessential amino acids at 338C in 5% CO 2 . Cells were passaged, and then cultured for 3 to 6 days in six-well plates or on chamber slides, followed by incubation with photoreceptor outer segments (POS) isolated from bovine eyes 26 at 2, 10, or 50 OS per RPE cell at 338C for various periods of time (low, medium, or high doses, respectively). RPE-J cells were treated with the following inhibitors: 2 lM herbimycin for 16 hours before the addition of OS, blebbistatin (100 lM), and inactiveblebbistatin (100 lM; EMD Chemicals, Inc., Gibbstown, NJ, USA) for 30 minutes before the addition of outer segments and during incubation with OS for 7 hours at 338C. Cells were harvested and prepared as described previously for Western analysis. 27 
Immunocytochemistry
The GFP-LC3 mice were euthanized at different time points as indicated in the Figure legends , and the eyes were enucleated and fixed by immersion in 4% paraformaldehyde at room temperature for 3 hours. The cornea and lens were removed and the eyecup was rinsed three times in PBS, transferred to 10% and then 20% sucrose in PBS for 2 hours each, before embedding in OCT (Tissue Tek; Sakura Finetek U.S.A., Inc., Torrance, CA, USA) mixed in a ratio of 1:1 with 20% sucrose. A cryostat was used to obtain serial sections of 10 lm thickness. Sections were washed in PBS, and blocked with 10% goat serum and 0.2% Triton-X 100 for 1 hour. After incubation overnight at 48C with anti-GFP 488 (1:1000; Invitrogen, Carlsbad, CA, USA), sections were counterstained with ProLong Gold with 4 0 6-diamidino-2-phenylindole (DAPI; Invitrogen) to reveal cell nuclei.
For cultured RPE-J cells, confluent cultures on chamber slides were fixed in 4% paraformaldehyde (PFA) for 20 minutes at room temperature. Sections were washed in PBS, blocked with 10% goat serum and 0.2% Triton X-100 for 1 hour, and incubated with anti-LC3 antibody (LC3B 1:200; Cell Signaling, Danvers, MA, USA) overnight at 48C. After incubation for 1 hour at room temperature with secondary antibodies, chamber slides were counterstained with ProLong Gold with DAPI (Invitrogen).
Images of the retinal sections and chamber slides of RPE-J cells were obtained using a confocal microscope (Leica SP5; Leica Corp., Wetzlar, Germany). Images were taken at the comparable area of the retina. All images in each individual experiment were acquired with a fixed detection gain.
Quantification of GFP-LC3 Puncta in Photoreceptor Inner Segment
Retinal images were obtained using confocal microscopy. Three representative sections (second, 10th, and 18th) crossing the optic nerve were used from each eye to avoid double counting. The number of LC3-GFP puncta in each section was counted in 5 nonoverlapping areas of 30 lm length of retina (containing approximately 80-90 inner segments). The counted areas comprised the inner segment region up to the outer limiting membrane. The perinuclear area and synaptic body were excluded. At least 5 animals were used for each time point of each experimental group.
Transmission Electron Microscopy
For transmission electron microscopy, the superior parts of the eye cups were dissected in the fixative (2.5% glutaraldehyde in 0.1 M Sorensen's buffer, pH 7.4) immediately after the eyes were enucleated and then were fixed overnight at 48C. For analysis of RPE-J cultures, cells in the culture dish were washed twice with buffer at indicated times after POS-feeding, and then fixative was added and kept overnight at 48C. After several buffer rinses, samples were postfixed in 1% osmium tetroxide in the same buffer. Samples were rinsed in double distilled water to remove phosphate salt and stained en bloc with aqueous 3% uranyl acetate for 1 hour. Eye cups and cells were dehydrated in ascending concentrations of ethanol. Eye cups were rinsed two times in propylene oxide, and RPE-J samples were rinsed two times in 100% ethanol (ETOH). Samples then were embedded in epoxy resin. The samples were ultrathin sectioned (70 nm in thickness), and poststained with uranyl acetate and lead citrate. The sections were examined using a Philips CM100 electron microscope at 60 kV. Images were recorded digitally using an Hamamatsu ORCA-HR digital camera system operated using AMT software (Advanced Microscopy Techniques Corp., Danvers, MA, USA).
Quantification of Autophagosomes in the RPE
The number of autophagosomes present in pigment epithelial cells was determined by counting directly on the electron microscope screen, at a magnification of 310,500. Three representative thin sections crossing the optic nerve were used from each eye. In each section, two independent areas of 400 lm length of the RPE were counted.
Western Analysis
Retina and RPE/choroid samples were dissected from the experimental groups. Samples were homogenized in hypotonic buffer, and the proteins separated by SDS-PAGE (4%-15% TrisHCl Ready Gels; Bio-Rad Laboratories, Hercules, CA, USA) and blotted on polyvinylidene fluoride membranes (Immobilon-P; Millipore, Billerica, MA, USA). The membranes were incubated overnight with primary antibodies according to the manufacturer's instructions. The following antibodies were used: LC3 and Atg12 (1:1000; Cell Signaling), Atg5 (1:1000; Abgent, San Diego, CA, USA), and GAPDH (1:30,000; Invitrogen). Secondary antibodies were from Dako (Dako, Glostrup, Denmark). Detection was by SuperSignal West Dura Substrate (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturers' protocols. Quantitative densitometry of the immunoblots was performed using ImageJ software (National Institutes of Health, Bethesda, MD, USA), and expressed as the mean density (6SD) from replicate animal groups. All experiments were performed a minimum of three times. Consistent outcomes were obtained and representative experiments are shown.
Statistical Analysis
Data representing the means 6 SD for the results of at least three independent experiments were compared by the 1-way ANOVA test. Differences were considered significant at P < 0.05.
RESULTS

Basal Autophagy in Mouse Retina and Photoreceptor Cells Exhibits a Bimodal Variation
In experimental Group 1, C57BL/6 mice were bred and reared under standard 12-hour light/12-hour dark conditions (6 AM lights on, 6 PM lights off). At age 2 months, mice were euthanized and their retinas collected every 3 hours over a 24-hour period. Western blotting showed that there was a bimodal pattern of LC3-I conversion to LC3-II, a standard marker of autophagy activity, over the 24-hour time course (Figs. 1A, 1B) . The two peaks of elevated autophagic activity occurred at 1 PM and 1 AM, corresponding to 7 hours after the onset of the light and dark periods, respectively. Formation of Atg5-Atg12 complex, a precursor to LC3-II formation, followed a similar bimodal pattern. The lowest levels of these autophagy markers were seen approximately 1 hour after the shift from dark to light (7 AM) or from light to dark (7 PM) .
Immunohistochemical analysis of the distribution and staining pattern of the LC3 protein in retina sections showed localization primarily to the photoreceptor inner segments (Fig. 1C) . Previous studies have shown that when low levels of autophagy activity are present in cells, staining for LC3 usually reveals a diffuse distribution of this protein, and that higher autophagy levels cause a shift in the LC3 staining pattern to a more punctate form consistent with the formation of autophagosomes. 28 In our analysis, we found the formation of LC3-positive puncta paralleled the time course of peak LC3-I to LC3-II conversion seen on Western blots, with more punctate staining seen at the 1 PM and 1 AM time points at which LC3-II levels were increased (Fig. 1D) . Transmission electron microscopy showed the presence of double-membrane vesicles within the photoreceptor inner segment, also consistent with autophagosome formation (Fig. 1E ).
Autophagy Levels in Retina Are Dependent on Shifts in Light-Dark Exposure
To evaluate whether the increases and decreases in LC3-II levels in mouse retina follow a circadian rhythm or are regulated by the changes in the environment, we investigated the effect of modifying their exposure to light/dark conditions. In experimental Group 2, at 3 hours after the lights were turned on, mice were moved back to the dark, and tissue harvested 1, 4, and 7 hours later. Retinas from mice in this group exhibited a sharp decrease in LC3-II levels shortly after being transferred from the light to the dark, with a subsequent time-dependent increase in the conversion of LC3-I to LC3-II the longer they were kept in the dark (Figs. 2A, 2B) .
In Group 3, after the regular 12-hour dark period, instead of having the lights turn on as usual, mice were kept in continued darkness, and retina samples were collected every 3 hours. Western blotting showed that the conversion of LC3-I to LC3-II in retinas from this group remained unchanged (Figs. 2C, 2D ) from the peak levels seen in the dark.
Autophagy Levels in the RPE Exhibit a Bimodal Circadian Rhythm Independent of Lighting Conditions
The RPE/choroid was collected from 2-month-old C57BL/6 mice bred and raised under standard 12-hour light/12-hour dark conditions. Tissues were obtained every 3 hours over a 24-hour period. Using Western analysis, we observed a bimodal pattern of LC3-II formation, with the one peak occurring approximately 7 hours after the onset of the light period, and a second peak occurring approximately 7 hours after the onset of the dark period (Figs. 3A, 3B ). Quantification of the intensity of the Atg5 bands on the Western blot showed a similar trend, with peaks midcycle of the light and dark periods. Electron microscopy was used to confirm the formation of double membrane autophagosomes that were most predominant at the time points with the highest LC3-II levels (Figs. 3C, 3D ).
To determine whether the variation of LC3-II levels in the RPE follows a circadian rhythm or is regulated by the changes of the light-dark environment, we investigated LC3-II formation under two alternative scenarios. In experimental Group 2, at 3 hours after the lights were turned on, animals were moved to the dark, and RPE/choroid samples obtained 1, 4, and 7 hours later. Western blotting showed that the conversion of LC3-I to LC3-II in the RPE remained unchanged and peaked at the same time as compared to the animals in Group 1 (Fig. 4A) . In experimental Group 3, after the regular 12-hour dark period, the lights remained off and the RPE/choroid samples were collected every 3 hours during this period of continued darkness. Western blotting showed that the conversion of LC3-I to LC3-II in the RPE of this group also remained unchanged (Fig. 4B ).
Altered Levels of Autophagy Activation in Gnat1
À/À and Sag À/À Mice
To investigate whether light-induced translocation of phototransduction proteins contributes to the diurnal variation in autophagy, we evaluated the time course of autophagy in retinas from knockout mice lacking the a subunit of rod transducin (Gnat1 À/À mice). In the absence of transducin, retinal rods maintain their structure, but do not exhibit a light response. However, the translocation of arrestin in Gnat1
mice is not affected. [29] [30] [31] [32] We predicted that the peak of LC3-II levels seen in the light would be decreased in the Gnat1 À/À mice, as this is when transducin accumulates in the inner segments, but that the increase in LC3-II levels seen in the dark still would occur in response to the accumulation of arrestin in the inner segment.
In contrast to the bimodal pattern of LC3-II formation observed in C57BL/6 mice, Figure 5A shows that Group 1 Gnat1 À/À mice exhibited only one peak of LC3-II formation occurring during the dark period, with no increase in LC3-II formation observed during the light period. In Group 2 Gnat1 À/À mice, at 3 hours after the lights were turned on, 
FIGURE 4. Effect of varying light conditions on levels of LC3-I and LC3-II in the RPE. (A) Quantification of LC3-I and LC3
-II levels in the RPE of C57BL/6 mice in Group 2, in which the animals were moved back to the dark at 9 AM, 3 hours after the lights were turned on. One set of animals were kept in the light as a control (10 AM, 4-hour L). The RPE samples were collected at various times after L exposure or DA. The ratio at 1 PM (4-h DA) was significantly higher than the ratio at 7:30 AM or 10 AM kept in the light (4-h L, P < 0.05). (B) Quantification of LC3-I and LC3-II levels in the RPE of animals in Group 3, in which animals were maintained in the dark, as opposed to having the lights turned back on at 6 AM. *The ratio at 1 PM was significantly higher than the 7 AM or 10 AM levels (P < 0.05, n ¼ 8 animals per time point).
animals were moved to the dark, and retinas sampled 1, 4, and 7 hours later. Consistent with the autophagy profile in Gnat1 À/À mice under Group 1 light conditions, we did not see a change in LC3-II formation from 7 AM to 10 AM; however, a significant increase in LC3-II formation was observed after the mice were put back in the dark (Fig. 5B) . In contrast, in Group 3 Gnat1
À/À mice that remained in the dark after the regular 12-hour dark period, and retina samples collected every 3 hours thereafter, the conversion of LC3-I to LC3-II remained unchanged (Fig. 5C) .
Our hypothesis predicted that the translocation of arrestin from the outer to the inner segment, which occurs when the animals are moved from the light to the dark, would stimulate autophagy. Thus, the absence of arrestin would be predicted to result in the loss of the dark-period peak of LC3-II activation. Analysis of arrestin knockout mice (Sag À/À mice) confirms the loss of the dark-period peak (Fig. 5D) . Arrestin-deficient mice that are dark-adapted earlier than usual, Group 2 animals, show the expected drop in LC3-II levels, but then fail to display the expected time-dependent recovery of LC3-II in the dark (Fig.  5E ). Maintaining these animals in the dark, Group 3 animals, shows a gradual time-dependent loss of the LC3-II signal (Fig.  5F ).
Autophagy Activation in the RPE in Response to Outer Segment Phagocytosis
The circadian nature of autophagy activation in the RPE suggested that this was in response, at least in part, to the shedding of POS. To test this hypothesis, cultured RPE-J cells were fed bovine POS and the levels of autophagy activation were measured. We found that there was a time-dependent increase in the amount of LC3-II, as well as increased levels of Atg5-12 conjugate (Fig. 6A) . Treatment with an inhibitor of autophagy, bafilomycin-A, prevented the decrease in LC3 levels seen at 12 hours postfeeding (Fig. 6B) , consistent with FIGURE 5 . Autophagy activation in the retinas of Gnat1 À/À and Sag À/À mouse strains. (A-C) Western blots of LC3 and quantification of LC3-I to LC3-II ratios in Group 1, Group 2, and Group 3 Gnat1 À/À animals, respectively, as described in Methods. There is loss of the light-period peak of LC3-II and Atg5-Atg12 complex formation in Group 1 animals, with the ratio at 10 PM being significantly higher than that at 1 PM (P < 0.05, n ¼ 8 animals per time point). Note that the dark-period peak occurs earlier in the Gnat1 À/À mice as compared to wild-type controls. There is no loss of the darkperiod peak, either during regular 12-hour light/12-hour dark cycle (A) or in Group 2 animals shifted from light back to dark at 9 AM, or after 3 hours in the light (B). (D-F) Western blots and quantification of LC3-I to LC3-II ratios in Group 1, Group 2, and Group 3 Sag À/À mice, respectively. There is loss of the dark-period peak of LC3-II and Atg5-Atg12 complex formation in Group 1 animals, with preservation of the light-period peak (P < 0.05, n ¼ 8 animals per time point). Group 2 animals shifted from light back to dark at 9 AM, after 3 hours in the light, show a decrease in LC3-II levels, but no time-dependent regeneration of this isoform (E). Maintaining the animals in the dark resulted in a gradual decrease in LC3-II levels.
the presence of increased autophagic flux. 28 The increase in autophagy was preceded by a transient decrease in levels of MerTK, the receptor required for phagocytic uptake of shed POS by the RPE. 19, 27 Fed RPE-J cells exhibited a POSdependent increase in punctate LC3 staining pattern (Fig.  6C) .
The increase in LC3-II formation was dependent on the amount of POS fed to the cells (Figs. 7A, 7B) . To confirm the relationship between POS ingestion and LC3-II formation, we used two different inhibitors of phagocytosis: herbimycin A 33 and blebbistatin. 34 Treatment of RPE-J cells with either of these two agents reduced the amount of LC3-II formed (Figs. 7C, 7D ). 
DISCUSSION
The present study demonstrated the dynamic nature of autophagy activation, as measured by conversion of LC3-I to LC3-II, in the mouse retina. Our findings were consistent with previous studies showing a peak of autophagosome formation during the light period in rat rod photoreceptors. 12 We now showed that a second peak of increased LC3-I to LC3-II conversion occurs during the dark period. In addition, we found that double-membrane structures are present in the photoreceptors at time points corresponding to peak LC3-II levels, supporting the interpretation that autophagy is occurring in these cells.
We found that fluctuations in the activation of autophagy in the retina are not entrained as a circadian rhythm, but are rapidly responsive to alterations in the light environment. Previous studies by Reme et al. 13 found that autophagy in rat photoreceptors could be evoked by light pulses, and they attributed this phenomenon as being related to disc shedding. Although disc shedding may have a role in regulating autophagy, our results suggested that light-induced changes are a significant factor in this phenomenon. We found that when the 12-hour light/12-hour dark cycle is perturbed, the shift between light and dark evokes a sharp decrease, followed by a subsequent time-dependent increase, in LC3-I to LC3-II conversion in the retina. Shedding of rod photoreceptor discs follows a circadian rhythm that is not altered easily by acute changes in light condition. 35 If disc shedding were the primary factor controlling autophagy levels in the photoreceptors, then we would expect the LC3-II levels to shift even when the animals were kept in the dark. Our finding of rapid increases in LC3-II levels when moving a light-adapted animal to the dark suggested an autophagy regulatory trigger other than disc shedding.
Several potential regulators of autophagy in photoreceptor cells have been suggested. Previous studies have shown that activation of autophagy is associated with lipofuscin accumulation and the degradation of opsin or rhodopsin. 36, 37 Loss of autophagy has been shown to increase susceptibility to lightinduced photoreceptor degeneration, perhaps by increasing the sensitivity of cells to reactive oxygen species, such as alltrans retinal. 38, 39 In photoreceptors, light exposure results in the large-scale translocation of signal transduction proteins into and out of the inner and outer segments, with the presumed function of maintaining photoreceptor sensitivity in the face of changing ambient light levels. 31 In other systems, autophagy has been shown to respond to shifts in intracellular protein concentrations. 40 Our data, including that from analyses of Gnat1 À/À and Sag À/À mice, suggested that the translocation of transducin and arrestin into the inner segment contributes to the light-period and dark-period peaks in autophagy, respectively. This explanation is consistent with the observation that autophagy levels changed after the shift from dark to light, rather than as an entrained circadian rhythm.
The translocation of arrestin and transducin from the inner to the outer segment occurs rapidly, with half-time to completion of approximately 5 minutes. This is much more rapid than the translocation of these proteins from the outer to the inner segment, a process that has a half-time of more than 1 hour for arrestin and 2.5 hours for transducin. 41, 42 This differential speed of translocation, depending on direction of protein movement, could help explain the rapid drop in autophagy levels upon shifting from dark to light, which would result in a rapid decrease of arrestin in the inner segments and a rapid drop in LC3-II levels. This then would be followed by the slower influx of the transducin into the inner segments and the more gradual re-elevation of LC3-II levels.
Our data also showed that the peak of autophagy in Gnat1 À/À mice occurring during the dark-period is earlier than that of wild-type mice. A potential explanation for this could be a more rapid translocation of arrestin in Gnat1 À/À mice, since in wild-type photoreceptors, arrestin and transducin are translocated, albeit in different directions, across the connecting cilium. In Gnat1 À/À mice, arrestin does not have to compete with transducin, and, thus, may traverse the space more quickly. In wild-type mice, translocation of arrestin to the inner segment occurs only when the light reaches a specific threshold value. 42 In Gnat1 À/À mice, no threshold light level is required, and translocation can occur sooner and at lower light intensity. 43 In the Sag À/À mice, the kinetics of the light-period peak were not shifted, presumably because the kinetics of transducin translocation, which is known to be slower than that of arrestin, 41, 42 was not necessarily accelerated by the absence of arrestin. The synthesis of transducin and arrestin is under circadian regulation, with peak production of the two proteins occurring just before lights turn on and off, respectively. In other words, there is a morning increase of transducin in the inner segments followed by an evening increase in arrestin. [44] [45] [46] [47] The fact that we did not see changes in autophagy levels when mice were kept in the dark suggested that the activation of autophagy is driven more by the translocation of protein from the outer segments into the inner segments than by de novo protein synthesis. The temporal separation of biosynthesis, which occurs within a small window of time, from the timing of translocation, further supports the conclusion that the movement of transduction proteins into and out of the inner segment contributes to the dynamic regulation of autophagy levels within the photoreceptor.
Autophagy has been known to occur in the RPE for many years, 13 but the full time course of its activation over a 24-hour period has not been described previously to our knowledge. The function of autophagy in the RPE is not well understood; however, our data, and those of others, 48 show that phagocytosis of shed photoreceptor outer segments is an important trigger for autophagy activation. It was shown recently that RPE-specific knockout of Atg5, an upstream activator of LC3-I to LC3-II conversion, results in decreased visual cycle function that was restored upon administration of exogenous chromophore. 48 Based on their findings, the investigators suggest that autophagy functions to help in the processing of the ingested POS and redistribution of the digested components.
In the study of the RPE-specific knockout of the Atg5 gene, the investigators state that they did not find any doublemembrane vesicles in the RPE of wild-type mice or in cultured RPE-J cells that were fed POS. 48 It also was noted that only some of the autophagy-related machinery was required for LC3 localization to POS-containing phagosomes. These results were interpreted as evidence that the ingestion of POS triggered ''noncanonical'' autophagy, or LC3-associated phagocytosis (LAP). 48, 49 Our results showed that double membrane vesicles are present within the RPE of wild-type mice, especially at times with correspondingly high levels of LC3-II. We concluded that classic autophagy occurs in the RPE, and that it is triggered, at least in part, by the ingestion of shed outer segments. The time course of LC3-II formation was delayed when compared to the peak of photoreceptor shedding and phagocytosis. 35 Though the reasons for this offset are not clear, the finding is consistent with the hypothesis that autophagy has a role in postphagocytosis processing of shed outer segments and reestablishment of RPE homeostasis, rather than with the early events related to phagocytic uptake. While our data did not exclude the presence of LAP in the RPE, we suspect that numerous aspects of autophagy function in the RPE remain to be elucidated as part of future studies.
Given the dynamic nature of autophagy activation in the outer retina, our data suggested that the effect an experimental condition must be assessed by the way in which it changes the bimodal peak of autophagy levels as well as the timing of the peaks. If autophagy levels are measured only at one time point, then one risks misinterpreting lower levels of autophagy markers as reduced autophagy, when the experimental condition could simply be altering the dynamics of autophagy activation-with some time points exhibiting higher and some time points exhibiting lower levels of autophagy. One risks missing this finding and its potential functional implications if autophagy levels are not evaluated at multiple time points.
In summary, basal levels of autophagy within the outer retina change in a dynamic nature during the course of the day and night. Shifts in levels of inner segment protein and uptake of shed outer segments appear to be triggers regulating the level of autophagy in the photoreceptors and RPE, respectively. Our data suggested that autophagy may be critical in maintaining normal outer retina homeostasis and photoreceptor cell function, with further study needed to define the molecular mechanisms underlying the dynamic regulation of autophagy in these cells.
